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Abstract: Triggered by ongoing dark matter searches in the top quark sector at the
Large Hadron Collider we report on the calculation of the next-to-leading order QCD cor-
rections to the Standard Model process pp→ tt¯+ Z(→ ν`ν¯`). This calculation is based on
matrix elements for e+νe µ−ν¯µ bb¯ ντ ν¯τ production and includes all non-resonant diagrams,
interferences, and off-shell effects of the top quarks. Non-resonant and off-shell effects due
to the finite W -boson width are also consistently taken into account. As it is common
for such studies, we present results for both integrated and differential cross sections for a
few renormalisation and factorisation scale choices and three different parton distribution
functions. Already with the fairly inclusive cut selection and independently of the scale
choice and the parton distribution function non-flat differential K-factors are obtained for
pmissT ,∆φ``,∆y``, cos θ``, HT , H
′
T observables that are relevant for new physics searches.
Good theoretical control over the Standard Model background is a fundamental prerequi-
site for a correct interpretation of possible signals of new physics that may arise in this
channel. Thus, these observables need to be carefully reexamined in the presence of more
exclusive cuts before any realistic strategies for the detection of new physics signal can be
further developed. Since from the experimental point of view both tt¯ and tt¯+Z(Z → ν`ν¯`)
comprise the same final states, we additionally study the impact of the enlarged missing
transverse momentum on various differential cross section distributions. To this end nor-
malised differential distributions for pp → e+νe µ−ν¯µ bb¯ ντ ν¯τ and pp → e+νe µ−ν¯µ bb¯ are
compared.
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1 Introduction
Even though the Standard Model (SM) is currently the best description of all known elemen-
tary particles including interactions among them, it falls short of being a complete theory
of fundamental interactions. On the one hand this self-consistent theory has demonstrated
huge successes in explaining (almost) all experimental results and precisely predicted a wide
variety of phenomena, on the other hand it leaves many important questions unanswered.
Among others, the theory incorporates only three out of the four fundamental forces, omit-
ting gravity and does not contain any viable dark matter (DM) particle that possesses all
of the required properties deduced from observational cosmology. Thus, it is not surprising
that searches for new physics beyond the SM are continuously carried out. Moreover, the
hunt for the complete picture or at least answers to some of our questions, like for example,
what dark matter is, is ongoing. Many experiments aimed at direct detection and the study
of dark matter particles are actively undertaken, but none of them has been successful up
until now. Therefore, if dark matter exists, unlike normal matter, it must barely interact
with the known constituents of the SM. An alternative approach to the direct detection of
dark matter particles in nature is to produce them in a laboratory. One of the candidates
for a dark matter particle, as predicted by many theoretical models, is a weakly-interacting
massive particle (WIMP). It is believed that this hypothetical particle is light enough to be
produced at the Large Hadron Collider (LHC). At the LHC both ATLAS and CMS search
for WIMP DM pair production in pp collisions. Since the DM particle does not interact
with the SM particles it would not be detected directly. Simplified benchmark models for
DM [1] assume, however, the existence of a mediator particle, which should couple both to
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the SM particles and to the dark sector. A possible example for such a mediator is a spin
zero particle that can be either a colour neutral scalar or pseudo-scalar particle. In the
former case additionally mixing between the scalar mediator and the SM Higgs boson is
assumed to be zero. Even though the nature of dark matter remains largely unknown, the
couplings of the mediator to the SM fermions are strongly constrained by precision flavour
measurements. Thus, the flavour structure of the new physics sector can not be generic,
otherwise the non-standard contributions in flavour changing neutral current transitions
would not be suppressed to a level consistent with experimental data. At this point the
Minimal Flavour Violation (MFV) hypothesis [2] is often quoted, according to which the in-
teraction between any new neutral spin zero state and SM fermions must be proportional to
the fermion masses via Yukawa couplings. In other words, the SM Yukawa couplings are the
only flavour symmetry breaking terms that are allowed in models beyond the SM if quark
flavour mixing is to be protected. Because only the top quark has the Yukawa coupling of
the order of one (Yt =
√
2mt/v ≈ 1, where v is the Higgs vacuum expectation value) DM
couples preferentially to top quarks in models with MFV. Thus, colour neutral mediators
should be abundantly produced via loop induced gluon fusion or in association with tt¯ pairs.
The signature for the former would exhibit missing transverse momentum (pmissT ) from non
interacting DM particles that would be difficult to extract from the overwhelming QCD
background. The signature for the latter would reveal event topologies consistent with the
presence of top quarks, i.e. two oppositely charged leptons (electron and/or muons), jets
identified as originating from bottom quarks and large missing transverse momentum, see
the first Feynman diagram in Figure 1. Processes with similar final states might also occur
in supersymmetric models including supersymmetric partners of the top quarks. In such
models the direct decay of top squarks into the top quark and a neutralino might occur
or top squarks can undergo a cascade decay through charginos and sleptons. In R-parity
conserving models, the lightest neutralino is stable and all supersymmetric cascade-decays
end up decaying into this particle which is undetected by ATLAS and CMS and whose
existence can only be inferred by looking for unbalanced momentum. As a heavy, stable
particle, the lightest neutralino is an excellent candidate to form the universe’s cold dark
matter. Representative Feynman diagrams are shown in Figure 1.
DM production in association with a top-quark pair (pp→ tt¯+χχ˜→ tt¯+ pmissT , where
χ stands for the WIMP) and top squark pair production (pp→ t˜¯˜t→ tt¯+ χ˜01χ˜01 → tt¯+pmissT ,
where χ˜01 is considered to be the stable neutralino, i.e. the lightest supersymmetric particle
(LSP)) have both been explored by the ATLAS and CMS collaborations within the 8 TeV
[3, 4] and 13 TeV [5–10] data sets. The exclusion limits at 8 TeV have been based on
an effective field theory approach, whereas the 13 TeV ones have been interpreted in the
context of the simplified supersymmetric models with pair produced top squarks and in
the context of simplified DM models with DM particle coupled to top quarks. Up until
now no significant deviations with respect to the SM predictions have been observed. In
all cases direct mass exclusion limits for new particles have been placed. In the case of
DM scalar and pseudo-scalar mediator masses below 290 GeV and 300 GeV respectively
have been excluded at 95% confidence level. These exclusion limits, as provided by the
CMS experiment [10], are currently the most stringent limits derived at the LHC. One
should mention at this point, however, that many assumptions enter such exclusion limits,
among other a dark matter particle of 1 TeV and mediator couplings to fermions and dark
– 2 –
tt¯
Φ/A
χ
χ¯
g
g
g
g
t
t¯
t˜1
¯˜t1
χ˜01
χ˜01
g
g
t˜1
¯˜t1
b
b¯
W+
W−
χ˜01
χ˜01
χ˜+1
χ˜−1
g
g ¯˜t1
t˜1
b νℓ ℓ+
χ˜+1 ℓ˜+ χ˜
0
1
χ˜−1 ℓ˜− χ˜01
b¯ ν¯ℓ ℓ−
Figure 1. Representative Feynman diagrams for DM production (the first diagram) and for super-
symmetric models with supersymmetric partners of the top quarks that might contribute to beyond
the SM pp→ tt¯+ pmissT production at the LHC.
matter particles equal to unity have been usually assumed. Moreover, ATLAS and CMS’s
experimental results have been used to derive limits on a parameter space in particular in
the effective field theory approach, see e.g. [11–14].
Independently of the underlying theoretical model the pp → tt¯ + pmissT final state in
the di-lepton top quark decay channel, where both W gauge bosons from t → Wb decay
further intoW → `ν`, is the most promising channel to look for new physics. The advantage
of this channel in comparison to the semi-leptonic one lies in the fact that measurements
of charged leptons (electrons and/or muons) are particularly precise at the LHC due to
the excellent lepton energy resolution of the ATLAS and CMS detectors. Additionally,
angular distributions of charged leptons are of huge importance since the CP nature of
the coupling between the mediator and top quarks is encoded in the spin correlations of
the top quark pair that can be probed via top quark decay products. Therefore, it is
not surprising that the di-lepton channel is currently scrutinised by experimentalists using
data recorded by the ATLAS and CMS collaborations in 2016. The new physics signal,
however, needs to be extracted from the SM background processes. There are three distinct
classes of major SM backgrounds that can resemble the features of the tt¯ + pmissT signal.
The biggest (reducible) background (in absolute cross section value) comes from the tt¯
production process. Other processes that can be classified as the top quark background
comprise tt¯j, tW and tt¯W . Here neutrinos from W → `ν` decays contribute to pmissT .
Reducible non top quark backgrounds, on the other hand, comprise di-boson productions,
W+W−,W±Z and ZZ as well as production of W and Z gauge boson in association with
QCD light jets. For these background processes less jet activity is expected than for the
signal process which can be further combined with the lack of bottom flavour jets. The
common feature of both type of backgrounds, however, lies in the fact that background
events populate low regions of the most relevant observables for the tt¯ + pmissT signature
in the di-lepton channel, that consist of pmissT and MT2 [15]. Selecting events with a large
amount of pmissT , asking for events with at least one b-jet and non-vanishing m`` as well
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as requiring that the missing transverse momentum and the transverse momentum of the
two charged lepton system are well separated in the azimuthal angle, ∆φ(pT, `` , pmissT ) [5],
is sufficient to suppress overwhelming top backgrounds and other reducible background
processes while keeping an adequate number of signal events.
The last and most important SM background comprises the irreducible tt¯ + Z back-
ground process. Here the pmissT signature arises from W → `ν` and Z → ν`ν¯`. The tt¯ + Z
production is the only process that provides extra genuine pmissT , thus, substantially adds to
the tails of pmissT and MT2 distributions which are also populated by signal events. Indeed,
various studies have shown that this residual background can survive all the selection cuts
and the experimental sensitivity depends strongly on the proper modelling of tt¯Z produc-
tion, see e.g. [14]. Let us mention that in current analyses this background process is either
simulated at leading order (LO) only or NLO in QCD predictions for stable top quarks
are combined with parton shower programs following the POWHEG or the MC@NLO
matching procedure. Top quark decays are treated in the parton shower approximation
omitting tt¯ spin correlations among other effects. The goal of this paper is, therefore, to
provide the state-of-the-art NLO QCD predictions for the SM tt¯Z background process in
the di-lepton top quark decay channel. More precisely, NLO QCD theoretical predictions
to the e+νe µ−ν¯µ bb¯ ντ ν¯τ final state are calculated for the first time. All double-, single-
and non-resonant Feynman diagrams, interferences, and off-shell effects of the top quarks
are properly incorporated at the NLO level in QCD. Also non-resonant and off-shell effects
due to the finite W -boson width are included. This calculation constitutes the first fully
realistic NLO QCD computation for top quark pair production with additional missing pT
in hadronic collisions.
The paper is organised as follows. In Section 2, we briefly summarise the framework
of our calculation and discuss technical aspects of the computation. Section 3 outlines the
theoretical setup for LO and NLO QCD results. Results for the total cross sections and
various differential cross sections are presented in Section 4. They are provided for the
LHC centre-of-mass system energy of 13 TeV and for a few renormalisation and factorisa-
tion scale choices. The theoretical uncertainties, that are associated with neglected higher
order terms in the perturbative expansion and with different parameterisations of the par-
ton distribution functions, are also given. Additionally, we show differential cross section
distributions, which are of particular interest for new physics searches. The latter comprise
pmissT ,∆φ``,∆y``, cos θ``, HT and H
′
T . From the experimental point of view both tt¯Z and tt¯
processes have the same signature, two charged leptons (`±), two bottom flavoured jets (jb)
and missing transverse momentum from escaping neutrinos (pmissT ). Thus, in Section 5 we
study the impact of the enlarged missing transverse momentum on various differential cross
section distributions. To this end normalised differential distributions constructed from
(anti-)top quark decay products for both pp → e+νe µ−ν¯µ bb¯ ντ ν¯τ and pp → e+νe µ−ν¯µ bb¯
are compared and discussed in that Section. Finally, in Section 6 our results are summarised
and our conclusions are outlined.
2 Details of the calculation
At the LO level in perturbative expansion the e+νeµ−ν¯µbb¯ντ ν¯τ final states are produced
via the scattering of either two gluons or one quark and the corresponding anti-quark.
The O(α2sα6) contributions can be subdivided into three classes, diagrams containing two
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Figure 2. Representative Feynman diagrams with double- (first row), single- (second row) and no
top quark resonances (third row) contributing to pp → e+νeµ−ν¯µbb¯ντ ν¯τ production at the leading
order in perturbative expansion. Diagrams with a single W boson resonance that contribute to the
off-shell effects of the W gauge boson are also presented (last row).
top quark propagators that can become resonant, diagrams containing only one top quark
resonance and finally diagrams without any top quark resonance. Regarding the W± res-
onances one can distinguish only two subclasses, double- and single-resonant gauge boson
contributions. Examples of Feynman diagrams for each class are depicted in Figure 2. In
total, there are 1024 LO diagrams for the gg → e+νeµ−ν¯µbb¯ντ ν¯τ partonic reaction and 540
for each qq¯ → e+νeµ−ν¯µbb¯ντ ν¯τ subprocess where q stands for up- or down-type quarks.
Even-though we do not employ Feynman diagrams in our calculations we present their
numbers as a measure of the complexity of the calculation. Instead, the calculation of
scattering amplitudes is based on well-known off-shell iterative algorithms performed au-
tomatically within the Helac-Dipoles package [32], which avoids multiple evaluation of
recurring building blocks. The results are cross checked with the Helac-Phegas Monte
Carlo (MC) program [17]. Phase space integration is performed and optimised with the
help of Parni [18] and Kaleu [19]. Since the produced top quarks are unstable particles,
the inclusion of the decays is performed in the complex mass scheme [20–23]. It fully re-
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One-Loop Number Of
Correction Feynman Diagrams
Self-Energy 17424
Vertex 21544
Box-Type 11726
Pentagon-Type 4650
Hexagon-Type 1038
Heptagon-Type 90
Total Number 56472
Table 1. The number of one-loop Feynman diagrams for the dominant gg → e+νeµ−ν¯µbb¯ντ ν¯τ
partonic subprocess at O(α3sα6) for the pp → e+νeµ−ν¯µbb¯ντ ν¯τ + X process. The Higgs boson
exchange contributions are not considered and the Cabibbo-Kobayashi-Maskawa mixing matrix is
kept diagonal.
spects gauge invariance and is straightforward to apply. Since we are interested in NLO
QCD corrections, gauge bosons are treated within the fixed width scheme.
The virtual corrections comprise the 1-loop corrections to the LO reactions. These cor-
rections can be classified into self-energy, vertex, box-type, pentagon-type, hexagon-type
and heptagon-type corrections. In Table 1 the number of one-loop Feynman diagrams, that
corresponds to each type of correction for the dominant gg → e+νeµ−ν¯µbb¯ντ ν¯τ partonic sub-
process as obtained with Qgraf [24], is given. We have cross-checked our results with the
publicly available general purpose MC program MadGraph5-aMC@NLO [25]. Explic-
itly, we have compared results for the virtual NLO contribution to the squared amplitude,
2< (M∗treeMone−loop), for a few phase-space points for gg and uu¯ partonic subprocesses
and we have found perfect agreement in each case. In evaluating virtual corrections, the
Helac-1Loop [26] MC library is used, that incorporates CutTools [27] and OneLOop
[28] as its cornerstones. The CutTools program contains an implementation of the OPP
method for the reduction of one-loop amplitudes at the integrand level [29]. The OneLOop
library, on the other hand, is dedicated to the evaluation of the one-loop scalar functions.
Renormalisation is done in the usual way by evaluating tree-level diagrams with counter-
terms. For our process, we chose to renormalise the strong coupling in the MS scheme
with five active flavours and the top quark decoupled, while the mass renormalisation is
performed in the on-shell scheme.
The real emission corrections to the LO process arise from tree-level amplitudes with
one additional parton, i.e. an additional gluon, or a quark anti-quark pair replacing a
gluon. For the calculation of the real emission contributions, the packageHelac-Dipoles is
employed. It implements the dipole formalism of Catani and Seymour [30, 31] for arbitrary
helicity eigenstates and colour configurations of the external partons [32] and the Nagy-
Soper subtraction scheme [33], which makes use of random polarisation and colour sampling
of the external partons. Having two independent subtraction schemes in Helac-Dipoles
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Partonic Number Of Number Of Number Of
Subprocess Feynman Diagrams CS Dipoles NS Subtractions
gg → e+νeµ−ν¯µbb¯ντ ν¯τg 6880 27 9
gq → e+νeµ−ν¯µbb¯ντ ν¯τq 3520 15 5
gq¯ → e+νeµ−ν¯µbb¯ντ ν¯τ q¯ 3520 15 5
qq¯ → e+νeµ−ν¯µbb¯ντ ν¯τg 3520 15 5
Table 2. The list of partonic subprocesses contributing to the subtracted real emission at O(α3sα6)
for the pp → e+νeµ−ν¯µbb¯ντ ν¯τ + X process where q = u, d, c, s. Also shown are the number of
Feynman diagrams, as well as the number of Catani-Seymour and Nagy-Soper subtraction terms
that correspond to these partonic subprocesses.
allow us to cross check the correctness of the real corrections by comparing the two results.
All partonic subprocesses that are taken into account for the real emission contributions are
listed in Table 2, together with the number of the corresponding Feynman diagrams, the
number of Catani-Seymour dipoles and Nagy-Soper subtraction terms. In each case, three
times less terms are needed in the Nagy-Soper subtraction scheme compared to the Catani-
Seymour scheme. The difference corresponds to the total number of possible spectators in
the process under scrutiny, which are relevant in the Catani-Seymour case, but not in the
Nagy-Soper case.
Let us note that Helac-1Loop and Helac-Dipoles are part of the Helac-NLO
framework [34] and that further technical details are described in Ref. [22, 35–37]. Let us
also add that our theoretical predictions are stored in the form of (modified) Les Houches
Event Files (LHEFs) [38] or ROOT [39] Ntuples. Building on [40], each event is stored with
accessory matrix element and PDF information to allow re-weighting for different scale or
PDF choices. Storing events shows clear advantages when different observables are to be
studied, or different kinematical cuts are to be applied, since no additional time-consuming
running of the code is required.
3 Setup for numerical predictions
We consider the process pp→ e+νe µ−ν¯µ bb¯ ντ ν¯τ for the LHC Run II centre-of-mass system
energy of
√
s = 13 TeV. We only simulate decays of the weak bosons to different lepton gen-
erations to avoid virtual photon singularities stemming from γ → `+`−. These interference
effects are at the 0.2% level for inclusive cuts, as checked by an explicit leading order cal-
culation performed with the help of the Helac-Phegas MC framework. The `±`∓ cross
section (with `1,2 = e, µ since τ leptons are always studied separately) can be obtained
by multiplying the result with a lepton-flavor factor of 4. However, we additionally must
count 3 different decays of the Z gauge boson (Z → ν`ν¯` with ν` = νe, νµ, ντ ). Thus, the
complete cross section can be realised by multiplying the results presented in the paper by
12. We keep the Cabibbo-Kobayashi-Maskawa mixing matrix diagonal. The following SM
parameters are given within the Gµ scheme that takes into account electroweak corrections
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related to the running of α
mW = 80.385 GeV , ΓW = 2.0988 GeV ,
mZ = 91.1876 GeV , ΓZ = 2.50782 GeV ,
Gµ = 1.166378× 10−5 GeV−2 , sin2 θW = 1−m2W /m2Z .
LeptonicW gauge boson decays do not receive NLO QCD corrections. To take some effects
of higher order corrections into account for the gauge boson widths the NLO QCD values
are used for LO and NLO matrix elements. The electroweak coupling is derived from the
Fermi constant Gµ according to
α =
√
2Gµm
2
W sin
2 θW
pi
. (3.1)
The top quark mass is set to mt = 173.2 GeV. All other QCD partons including b quarks as
well as leptons are treated as massless. Since we treat b quarks as massless partons there are
no Higgs-exchange diagrams at tree level. Moreover, due to the negligibly small dependence
on the Higgs boson mass, closed fermion loops which involve top quarks coupled to Higgs
bosons, are neglected. The top quark width, as calculated from [41, 42], is taken to be
ΓLOt = 1.47848 GeV at LO and ΓNLOt = 1.35159 GeV at NLO. The value of αs used for
the top quark width ΓNLOt calculation is taken at mt. This αs is independent of αs(µ0)
that goes into the matrix element and PDF calculations. The latter is used to describe the
dynamics of the whole process, the former only the top quark decays. Our calculation, like
any fixed-order one, contains a residual dependence on the renormalisation scale (µR) and
the factorisation scale (µF ) arising from the truncation of the perturbative expansion in
αs. As a consequence, observables depend on the values of µR and µF that are provided
as input parameters. We assume that the default scale µR = µF = µ0 is the same for both
the renormalisation and factorisation scales. The scale systematics, however, is evaluated
by varying µR and µF independently in the range
1
2
µ0 ≤ µR , µF ≤ 2µ0 ,
1
2
≤ µR
µF
≤ 2 ,
(3.2)
which in practice amounts to consider the following pairs(
µR
µ0
,
µF
µ0
)
=
{
(2, 1) , (0.5, 1) , (1, 2) , (1, 1), (1, 0.5), (2, 2), (0.5, 0.5)
}
. (3.3)
We search for the minimum and maximum of the resulting cross sections. For µ0 we consider
two cases, the kinematic independent scale choice (fixed scale) and the kinematic depen-
dent scale choice (dynamical scale). In the case of the integrated pp → e+νe µ−ν¯µ bb¯ ντ ν¯τ
cross section both choices would be suitable to properly describe the production process.
For the differential cross section distributions, however, the fixed scale would adequately
describe the phase-space regions close to the tt¯ threshold but will fail at the tails of various
dimensionful distributions. A proper dynamical scale choice, on the other hand, should
characterise accurately all phase space regions. Specifically, we employ the following fixed
scale
µ0 = mt +
mZ
2
, (3.4)
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commonly used in the studies of tt¯Z production, see e.g. [43–46], whereas for the dynamical
scale a few choices will be examined. Firstly, we concentrate on the total transverse energy
of the system, HT , that is blind to the fact that in e+νe µ−ν¯µ bb¯ ντ ν¯τ production Feynman
diagrams with one or two top quark resonances might appear. Thus, the first dynamical
scale choice is constructed according to
µ0 =
HT
3
. (3.5)
Here HT is calculated on an event-by-event basis in line with
HT = pT, e+ + pT, µ− + p
miss
T + pT, b1 + pT, b2 , (3.6)
where b1 and b2 are bottom flavoured jets and the pmissT is the total missing transverse
momentum from escaping neutrinos defined according to
pmissT = | ~pT, νe + ~pT, ν¯µ + ~pT, ντ + ~pT, ν¯τ | . (3.7)
In the next step the information about the underlying resonant nature of the process is
used. To this end the following resonance aware dynamical scale choices, that we denote
ET , E
′
T and E
′′
T , are going to be inspected
µ0 =
ET
3
=
1
3
(
mT, t +mT, t¯ + pT, Z
)
,
µ0 =
E′T
3
=
1
3
(
mT, t +mT, t¯ +mT, Z
)
,
µ0 =
E′′T
3
=
1
3
(
mT, t +mT, t¯
)
.
(3.8)
Here mT, i is defined in accordance with mT, i =
√
p2T, i +m
2
i , where i stands for i = t, t¯, Z.
The top and anti-top quark as well as the Z gauge boson are reconstructed from their
decay products assuming exact W and Z gauge bosons reconstruction and b-jet tagging
efficiency of 100%, i.e. p(t) = p(jb1) + p(e+) + p(νe), p(t¯ ) = p(jb2 ) + p(µ−) + p(ν¯µ) and
p(Z) = p(ντ ) + p(ν¯τ ), where jb1 originates from the b-quark and jb2 from anti-b quark. To
construct final state jets the IR-safe anti−kT jet algorithm [47] is employed, which is the
sequential recombination algorithm that uses the bottom-up approach in combining partons
starting from the closest ones. It contains a resolution parameter (R) that controls the size
of the jet. The latter is set to R = 0.4. The distance measure is defined as
dij = min
(
1
p2T, i
,
1
p2T, j
)
∆R2ij
R2
= min
(
1
p2T, i
,
1
p2T, j
)
∆φ2ij + ∆y
2
ij
R2
,
diB =
1
p2T, i
,
(3.9)
where pT, i, yi and φi are respectively the transverse momentum, rapidity and azimuthal
angle of particle i defined according to
pT =
√
p2x + p
2
y , y =
1
2
ln
(
E + pz
E − pz
)
. (3.10)
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Additionally, dij stands for the distance between two final state partons and diB for the
distance between parton i and the beam. The anti−kT jet algorithm iterates recombinations
of the final state partons with pseudo-rapidity |η| < 5, where η = − ln (tan(θ/2)), until no
partons are left and jets are created. We require at least two jets for our process, of which
exactly two must be bottom flavoured jets. Moreover, we asked for two charged leptons
and a large missing transverse momentum. We impose the following cuts on the transverse
momenta and the rapidity of two recombined b-jets, which we assume to be always tagged
pT, b > 40 GeV , |yb| < 2.5 , ∆Rbb¯ > 0.4 . (3.11)
The last cut, i.e. the separation between the b-jets, is implied by the jet algorithm. Basic
selection cuts are applied to charged leptons to ensure that they are observed inside the
detector and well separated from each other and from b-jets
pT, ` > 30 GeV , |y`| < 2.5 , ∆R`` > 0.4 ∆R`b > 0.4 , (3.12)
where ` stands for the charged lepton: µ−, e+. We additionally put a requirement on the
missing transverse momentum pmissT > 50 GeV. Finally, we place no restriction on the
kinematics of the extra (light) jet.
The running of the strong coupling constant αs with two-loop (one-loop) accuracy at
NLO (LO) is provided by the LHAPDF interface [48]. The number of active flavours is
NF = 5. Contributions induced by the bottom-quark parton density are neglected. At LO
the bb¯ partonic subprocess contributes at the level of 1.1% to the qq¯ initial state. However,
the full pp cross section is dominated by the the gg channel (67%), thus, the bb¯ contribution
to the pp→ e+νe µ−ν¯µ bb¯ ντ ν¯τ production process amounts to 0.4% only and can be safely
disregarded. Following recommendations of PDF4LHC for the usage of parton distribution
functions (PDFs) suitable for applications at the LHC Run II [49] we employ CT14 [50],
which is the default PDF set in our studies, NNPDF3.0 [51] and MMHT14 [52].
We would like to stress that the above parameters and cuts on final states correspond to
one particular setup. It is clear that there are many interesting phenomenological analyses
that might be performed for the e+νe µ−ν¯µ bb¯ ντ ν¯τ process using our system with different
setup. The latter could be chosen either in the context of the SM or having in mind searches
for various new physics scenarios. Obviously, in each case a slightly different event selection
would be required to optimise the search. Hence, in this publication we are not able to
provide theoretical predictions for the irreducible background for each proposed BSMmodel.
Instead, our main goal here is to demonstrate the size of higher order corrections to the
e+νe µ
−ν¯µ bb¯ ντ ν¯τ final state at the LHC in the presence of the inclusive cut selection that
resembles as closely as possible the ATLAS and/or CMS detector responses. However, we
shall also discuss the impact of NLO QCD corrections on a few observables that are relevant
for new physics searches. If non-flat differential K-factors are acquired for these observables
already with a fairly inclusive cut selection and independently of the scale choice, these
observables need to be carefully reexamined in the presence of more exclusive cuts before
any realistic strategies for the detection of new physics signal can be further developed.
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Figure 3. Scale dependence of the LO and NLO integrated cross section for the pp →
e+νeµ
−ν¯µbb¯ ντ ν¯τ + X process at the LHC run II with
√
s = 13 TeV. Renormalisation and fac-
torisation scales are set to µR = µF = ξµ0 where µ0 = mt +mZ/2 and ξ ∈ {0.125, . . . , 8}. The LO
and NLO CT14 PDF sets are employed. Also shown is the variation of µR with fixed µF and the
variation of µF with fixed µR.
4 NLO QCD predictions for the LHC Run II energy of 13 TeV
4.1 Integrated cross section and its scale dependence for the fixed scale
With the input parameters and cuts specified in Section 3, we arrive at the following
predictions for µR = µF = µ0 = mt +mZ/2
σLOpp→e+νeµ−ν¯µbb¯ντ ν¯τ (CT14, µ0 = mt +mZ/2) = 0.1133
+0.0384 (33%)
−0.0266 (23%) fb ,
σNLOpp→e+νeµ−ν¯µbb¯ντ ν¯τ (CT14, µ0 = mt +mZ/2) = 0.1266
+0.0014 (1.1%)
−0.0075 (5.9%) fb .
(4.1)
The full pp cross section receives positive and moderate NLO corrections of 12%. The
theoretical uncertainties resulting from the scale variation and taken in a very conservative
way as a maximum of the lower and upper bounds are 33% at LO and 5.9% at NLO.
Thus, a reduction of the theoretical error by a factor of almost 6 is observed when higher
order corrections are incorporated. In the case of truly asymmetric uncertainties, however,
it is always more appropriate to symmetrise the errors. After symmetrisation the scale
uncertainty at LO does not change substantially, i.e. it is reduced down to 29%. However, at
the NLO in QCD the reduction is considerable as far as 3.5%. Therefore, by going from LO
to NLO we have reduced the theoretical error by a factor of 8. Should we instead vary µR and
µF simultaneously, up and down by a factor of 2 around µ0, the uncertainties would remain
unchanged. This is due to the fact that the scale variation is driven solely by the changes
in µR as can be observed in Figure 3, where the graphical presentation of the behaviour of
LO and NLO cross sections upon varying the scale by a factor ξ ∈ {0.125, . . . , 8} is shown
for CT14 PDF sets.
Let us mention at this point that despite its relatively small cross section, a good the-
oretical control over the pp → e+νeµ−ν¯µbb¯ ντ ν¯τ production process is phenomenologically
relevant. This irreducible SM background at NLO in QCD is of the order of 1.5 fb, where a
factor 12 has been used to obtain the complete cross section for the process. For comparison,
typical predictions of new physics scenarios such as models with the vector, axial-vector,
– 11 –
Scale Choice σLO
pp→e+νeµ−ν¯µbb¯ντ ν¯τ [fb] σ
NLO
pp→e+νeµ−ν¯µbb¯ντ ν¯τ [fb] K = σNLO/σLO
µ0 = HT /3 0.1260
+0.0438 (35%)
−0.0302 (24%) 0.1270
+0.0009 (0.7%)
−0.0086 (6.8%) 1.01
µ0 = ET /3 0.1110
+0.0368 (33%)
−0.0258 (23%) 0.1272
+0.0020 (1.6%)
−0.0086 (6.8%) 1.14
µ0 = E
′
T /3 0.1087
+0.0359 (33%)
−0.0251 (23%) 0.1268
+0.0019 (1.5%)
−0.0081 (6.4%) 1.17
µ0 = E
′′
T /3 0.1227
+0.0423 (34%)
−0.0293 (24%) 0.1286
+0.0013 (1.0%)
−0.0060 (4.7%) 1.05
Table 3. LO and NLO cross sections for the pp→ e+νeµ−ν¯µbb¯ ντ ν¯τ +X process at the LHC run
II with
√
s = 13 TeV. Results for various scale choices are presented. Also included are theoretical
errors as obtained from the scale variation. In the last column the K factor, the ratio of the NLO
to LO cross section, is given. The LO and NLO CT14 PDF sets are employed.
pseudoscalar, and scalar interaction between the top quark and the dark matter particle
are also at the same level. Thus, our NLO analysis of pp → e+νeµ−ν¯µbb¯ ντ ν¯τ at the LHC
is a necessary step towards a correct interpretation of the possible signals of new physics
that may arise in this channel.
4.2 Integrated cross section and its scale dependence for the dynamical scale
In the following we inspect our dynamical scale choices. Results for four cases, µ0 =
HT /3, ET /3, E
′
T /3 and µ0 = E
′′
T /3 are summarised in Table 3. They have been evaluated
with the LO and NLO CT14 PDF sets. Also shown are theoretical errors as obtained
from the scale variation and the corresponding K factors. The latter are the ratios of the
NLO to LO cross sections. All LO and NLO results agree very well with the correspond-
ing predictions for the fixed scale within the quoted theoretical errors. Specifically, the
agreement of 0.05σ− 0.2σ (0.03σ− 0.4σ) has been obtained at LO (NLO). Overall, no sub-
stantial reduction of theoretical uncertainties can be observed for integrated cross sections
once a kinematic dependent scale is chosen. Specifically, for the LO cross section, after
the symmetrisation of the theoretical error is applied, the theoretical error of the order of
28%− 29% can be reported. For the NLO case, on the other hand, the 2.8%− 4.1% range
has been obtained. For all µ0 the pp→ e+νeµ−ν¯µbb¯ντ ν¯τ process receives positive and small
(1% − 5%) to moderate (14% − 17%) NLO QCD corrections. Thus, judging just by the
integrated cross section the case could be made that both µ0 = HT /3 and µ0 = E′′T /3
combine two advantages, the smallest theoretical error and a small size of the higher or-
der corrections as compared to the fixed scale choice. Of course, the importance of the
dynamic scale does not lie in the calculation of the integrated cross section, which, after
all, is a quite inclusive observable, hence less sensitive to the details of the scale choice.
A place in which the dynamic scale must prove its usefulness is the correct description of
various differential cross sections over a wide range of phase space, which are relevant from
the point of view of top quark physics phenomenology. For completeness, in Figure 4 we
present again the scale dependence of the LO and NLO integrated cross section for each
case of µ0. The LO and the NLO CT14 PDF sets are employed. Also here a similar pattern
as for µ0 = mt+mZ/2 can be noticed, i.e. the independence of the NLO cross section from
the variation of µF while keeping fixed the value of µR. Generally, from the point of view
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Figure 4. Scale dependence of the LO and NLO integrated cross section for the pp →
e+νeµ
−ν¯µbb¯ ντ ν¯τ +X process at the LHC run II with
√
s = 13 TeV. Renormalisation and factorisa-
tion scales are set to µR = µF = ξµ0 where µ0 = HT /3 , ET /3 , E′T /3, E
′′
T /3 and ξ ∈ {0.125, . . . , 8}.
The LO and NLO CT14 PDF sets are employed. For each case of µ0 also shown is the variation
of µR with fixed µF and the variation of µF with fixed µR.
of the integrated σpp→e+νeµ−ν¯µbb¯ντ ν¯τ cross section each scale is a valid choice that might be
used in real phenomenological applications.
4.3 Choosing the scale for differential cross sections
In the following we examine the size of NLO QCD corrections to various differential cross
section distributions with the different scale choices that we have proposed in Section 3.
The observables that we are going to present are obtained with our default CT14 PDF sets
as well as for the cuts and parameters specified in the previous section. We start with the
standard observables like for example the averaged transverse momentum and rapidity of
the charged lepton (pT, ` , y`), and the averaged transverse momentum and rapidity of the
b-jet (pT, b , yb), the invariant mass of two b-jets (mbb), the invariant mass of two charged
leptons (m``) as well as the separation in the rapidity-azimuthal angle plane between the
two b-jets and the two charged leptons (∆Rbb ,∆R``). By examining these observables we
would like to establish which of the proposed dynamical scales is the most suitable for the
description of the pp→ e+νeµ−ν¯µbb¯ντ ν¯τ production process at the differential level in the
presence of rather inclusive cuts on the final states. Ideally, we would be interested in the
scale choice, which guarantees us small NLO QCD corrections in the whole plotted range
for all observables and at the same time reduces theoretical uncertainties as compared to
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Figure 5. The pp → e+νeµ−ν¯µbb¯ ντ ν¯τ + X differential cross section distribution as a function of
(averaged) pT, `, m``, (averaged) y` and ∆R`` at the LHC run II with
√
s = 13 TeV. The upper plots
show absolute NLO QCD predictions for various values of µ0 where µR = µF = µ0. The middle
panels display differential K factors. The lower panels present differential K factors together with
the uncertainty band from the scale variation for various values of µ0. Also given is the relative
scale uncertainties of the LO cross section for µ0 = mt +mZ/2. The LO and the NLO CT14 PDF
sets are employed.
results obtained with the fixed scale choice. Thus, for comparison purposes we also present
differential cross section results with µR = µF = µ0 = mt +mZ/2.
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Figure 6. The pp → e+νeµ−ν¯µbb¯ ντ ν¯τ + X differential cross section distribution as a function of
(averaged) pT, b, mbb¯, (averaged) yb and ∆Rbb¯ at the LHC run II with
√
s = 13 TeV. The upper plots
show absolute NLO QCD predictions for various values of µ0 where µR = µF = µ0. The middle
panels display differential K factors. The lower panels present differential K factors together with
the uncertainty band from the scale variation for various values of µ0. Also given is the relative
scale uncertainties of the LO cross section for µ0 = mt +mZ/2. The LO and the NLO CT14 PDF
sets are employed.
We start with the leptonic observables that are depicted in Figure 5. For each ob-
servable we present three plots. The upper plots show absolute NLO QCD predictions
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for various values of µ0 where µR = µF = µ0. The middle panels provide differential K
factors defined as K = dσNLO(µ0)/dσLO(µ0). The lower panels display the same differ-
ential K factors together with the uncertainty bands from the scale variation. The latter
are defined according to K(µ) = dσNLO(µ)/dσLO(µ0). Additionally, the LO blue bands
are given to illustrate the relative scale uncertainty of the LO cross section. The latter
are defined according to K(µ) = dσLO(µ)/dσLO(µ0) for µ0 = mt + mZ/2. For the dimen-
sionful observables pT, ` and m`` we can observe perturbative instabilities in high energy
tails of distributions in the case of µ0 = mt +mZ/2 as can be seen from the lower panels.
In these regions negative NLO QCD corrections of the order of 33% (17%) are visible for
pT, ` (m``). These results can be compared with the results for the dynamical scale choices
where also negative but rather moderate higher order corrections of the order of 10%−11%
(8%−10%) have been found for the tails of pT, ` (m``) differential cross section distributions
respectively with µ0 = HT /3 and µ0 = E′′T /3. Even though for µ0 = ET /3 and µ0 = E
′
T /3
we have obtained even smaller NLO QCD corrections in these regions, i.e. of the order of
±(2%−3%) only, the size of distortions is much larger for these scale choices. Consequently
for µ0 = HT /3 and µ0 = E′′T /3 flatter differential K-factors are registered for these two ob-
servables. For a dimensionless observable y` on the other hand almost constant corrections
are obtained in the whole plotted range independently of the scale choice. What makes the
result different for the various scale choices is the size of NLO QCD corrections. For the
fixed scale as well as for µ0 = ET /3 and µ0 = E′T /3 they are positive and in the range of
12% − 15% while for µ0 = HT /3 (µ0 = E′′/3) the maximum corrections received are of
the order of ±2%. Finally, for ∆R`` substantial distortions are noticed that are up to 32%,
26%, 23%, 24% and 19% respectively for µ0 = mt +mZ/2, HT /3, ET /3, E′T /3 and E
′′
T /3.
In the next step we concentrate on theoretical uncertainties for these leptonic observ-
ables as estimated from scale variations at the NLO level in QCD. For the averaged trans-
verse momentum of the charged lepton substantial scale variations are noticed at the end of
the plotted spectrum, i.e. around 400 GeV for µ0 = mt+mz/2. In these regions theoretical
uncertainties taken conservatively as a maximum of the lower and upper bounds are ±25%
(±14% after symmetrisation). On the other hand for all presented dynamical scale choices
they are reduced down to ±7% (±4% after symmetrisation). In the latter case they are
almost constant in the whole plotted range. These numbers can be compared to the LO
scale uncertainties that for the fixed scale choice are up to ±41% (±34%). In the case of the
invariant mass of the positron and the muon the difference between the fixed scale choice
and the dynamical ones is milder. For µ0 = mt + mZ/2 theoretical uncertainties up to
±11% (±6%) have been reached, whereas for µ0 = HT /3 up to ±9% (±4.5%). The latter is
reduced down to ±7% (±3.5%) for other scales. This is a substantial reduction taking into
account that at LO theoretical uncertainties up to ±41% (±34%) have been evaluated. As
expected dimensionless observables have rather constant scale dependence independent of
the scale choice. For ∆R`` we have obtained theoretical uncertainties around ±10% (±8%),
whereas for y` we have instead up to ±8% (±6%) for µ0 = mt+mZ/2, ET /3 and µ0 = E′T /3
as well as up to ±6% (±3%) for µ0 = HT /3 and µ0 = E′′/3. These outcomes can be com-
pared to ±43% (±36%) and ±37% (±31%) uncertainties at the LO level respectively for
∆R`` and y` with µ0 = mt +mZ/2.
Similar conclusions can be drawn for the b-jet kinematics that is shown in Figure 6.
For the averaged pT distribution of the bottom jet at the end of the plotted range negative
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NLO QCD corrections of the order of 18% are acquired for µ0 = mt +mZ/2. This can be
compared with positive 20% corrections at the beginning of the spectrum which resulted
in distortions of the order of 40%. The situation is substantially improved for the case
of µ0 = HT /3 where positive higher order QCD corrections below 5% are attained for
pT, b ∈ [40, 400] GeV. For the remaining three scale choices the similar size of distortions of
the order of 10% have been observed. For the invariant mass of the two b-jet system the
best scale choice seems to be again µ0 = HT /3 for which rather constant corrections, with
the exception of the beginning of the spectrum, are visible. The former are of the order of
+3%, the latter are up to −12%. This can be contrasted with results for µ0 = mt +mZ/2
where we have obtained NLO corrections ranging from +22% down to −11%. Looking at
the dimensionless observable like for example the averaged rapidity of the b-jet we have
noticed almost constant NLO QCD corrections in the considered range yb ∈ [−2.5, 2.5].
The smallest corrections of the order of −3% and +2% have been obtained respectively
for µ0 = HT /3 and µ0 = E′′/3. On the other hand the largest corrections, up to even
+18%, have been received for µ0 = ET /3. For the fixed scale choice they are only up to
+13%. Finally, for the last standard observable that we have studied, which is ∆Rbb¯, we
can recommend µ0 = HT /3 for which NLO QCD corrections maximally up to +10% and
distortions up to 15% have been gained. By comparison the distortions are the most severe
for the fixed scale choice. They amount even up to 22%.
In the following we move to the NLO theoretical uncertainties for observables that
describe the kinematics of the bottom jets. Once more we notice that for the fixed scale
choice represented by µ0 = mt + mZ/2 and for dimensionful observables like for example
the averaged transverse momentum of the b-jet, pT, b, theoretical uncertainties are outside
the LO bands at the end of the plotted range. Nevertheless taken conservatively they are
rather moderate of the order of ±15% (±8% after symmetrisation) in that region. The size
and perturbative behaviour is modified when the dynamical scale choice is applied. For
µ0 = HT /3 and µ0 = E′′/3 theoretical errors are reduced by more than a factor of 2, down
to ±7% (±4%) and ±6% (±4%) respectively. We also note that employing the dynamical
scale choices caused NLO bands to lie within the LO ones as one would expect from a
well-behaved perturbative expansion in αs. For the invariant mass of the two b-jet system
we have a similar behaviour. For results with µ0 = mt+mZ/2 the theoretical uncertainties
up to ±11% (±6%) have been obtained, whereas in the case of µ0 = HT /3, E′′T /3 decreased
theoretical uncertainties up to only ±8% (±5%) have been estimated. In both cases the
improvement with respect to the LO theoretical uncertainties is dramatic since we have
±41% (±34%) for pT, b and ±44% (±36%) for mbb¯. Considering angular distributions like
yb and ∆Rbb¯ we have rather constants theoretical uncertainties below 8% independent of the
scale choice for the former and below 10% for the later. After symmetrisation is applied they
go below 5% and 8% respectively. Whereas at the LO level they are up to ±37% (±31%)
and ±44% (±36%).
Combining information about the size of NLO QCD corrections and NLO QCD the-
oretical uncertainties we conclude that either scale µ0 = HT /3 or µ0 = E′′/3 should be
employed at the differential level for the adequate description of the standard observables
in the e+νeµ−ν¯µbb¯ντ ν¯τ production process at the LHC with a centre of mass system energy
of
√
s = 13 TeV in the presence of rather inclusive cuts on the measured final states.
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Figure 7. The pp → e+νeµ−ν¯µbb¯ ντ ν¯τ + X differential cross section distribution as a function of
ET , HT and H ′T at the LHC run II with
√
s = 13 TeV. The upper plots show absolute NLO QCD
predictions for various values of µ0 where µR = µF = µ0. The middle panels display differential
K factors. The lower panels present differential K factors together with the uncertainty band from
the scale variation for various values of µ0. Also given is the relative scale uncertainties of the LO
cross section for µ0 = mt +mZ/2. The LO and the NLO CT14 PDF sets are employed.
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Figure 8. The pp → e+νeµ−ν¯µbb¯ ντ ν¯τ + X differential cross section distribution as a function
of ∆y`` = |y`1 − y`2 |, ∆φ`` = |φ`1 − φ`2 | and cos θ`` = tanh(∆y``/2) at the LHC run II with√
s = 13 TeV. The upper plots show absolute NLO QCD predictions for various values of µ0
where µR = µF = µ0. The middle panels display differential K factors. The lower panels present
differential K factors together with the uncertainty band from the scale variation for various values
of µ0. Also given is the relative scale uncertainties of the LO cross section for µ0 = mt + mZ/2.
The LO and the NLO CT14 PDF sets are employed.
4.4 Impact of higher order corrections on new physics observables
Moving forward we employ our recommended scale choices µ0 = HT /3 and µ0 = E′′/3
to discuss the size of NLO QCD corrections to a few observables that are relevant in the
– 19 –
context of dark matter searches. Among others we have identified six observables, three
dimensionful and three dimensionless. Specifically, we have studied the total transverse
energy, ET , as given by
ET =
√
p2T (t) +m
2
t +
√
p2T (t¯ ) +m
2
t +
√
p2T (Z) +m
2
Z , (4.2)
and the total transverse momentum of the tt¯Z system, HT . The total transverse momentum
build only from the visible final states and denoted as H ′T is also investigated. The latter
two are defined according to
HT = pT, b1 + pT, b2 + pT, e+ + pT, µ− + p
miss
T ,
H ′T = pT, b1 + pT, b2 + pT, e+ + pT, µ− .
(4.3)
We investigate additionally the rapidity separation of the two charged leptons, ∆y`` =
|y`1 − y`2 |, the azimuthal angle difference between the two leptons, ∆φ`` = |φ`1 − φ`2 | and
cos θ`` constructed according to the following formula
cos θ`` = tanh(∆y``/2) . (4.4)
The angular distributions of the charged leptons resulting from top decays carry information
about the spin correlations between the final-state top quarks. Thus, they can be used
for example to study the CP nature of the coupling between the mediator particle and
top quarks in various dark matter scenarios, see e.g. [14]. Proper modelling for these
observables within the SM is a fundamental requirement for a correct interpretation of the
possible signals of new physics that may arise in the pp→ tt¯+ pmissT channel.
In Figure 7 we present the differential cross section distribution as the function of ET ,
HT and H ′T . For comparison reasons also for these observables predictions for all scale
choices for µ0 = µF = µR are depicted. In the case of ET , negative and substantial NLO
QCD corrections up to 34%, 23% and 56% are obtained around 2 TeV respectively for
µ0 = HT /3, µ0 = E′′T /3 and µ0 = mt + mZ/2. Overall shape distortions are of the order
of 15%, 11% for the dynamical scale choices and around 69% for the fixed scale choice.
NLO theoretical uncertainties from the scale dependence are up to ±27% (±16% after
symmetrisation), ±17% (±10%) and ±72% (±46%) respectively for µ0 = HT /3, µ0 = E′′T /3
and µ0 = mt +mZ/2. A similar pattern could be seen for HT and H ′T . In the former case
for µ0 = E′′T /3 NLO QCD corrections are negative and moderate up to 7% at around 1.5
TeV. When comparing the threshold region above 190 GeV with the end of the plotted
range, shape distortions of the order of 4% are only detected for this scale. On the other
hand, for other two choices µ0 = HT /3 and µ0 = mt +mZ/2 large and negative NLO QCD
corrections at the level of 32% have been perceived, respectively either at the beginning or
at the end of the HT spectrum. Consequently, shape distortions are of the order of 33% and
43% for the dynamical and fixed values of µ0. For the scale dependence we can reach ±15%
(±9%) close to the threshold and ±8% (±5%) around 1.5 TeV for µ0 = E′′T /3. Whereas
predictions with µ0 = HT /3 and µ0 = mt + mZ/2 have substantially larger theoretical
errors up to ±35% (±23%) for µ0 = HT /3 (at the beginning of the spectrum of HT ) and
up to ±27% (±16%) for µ0 = mt + mZ/2 (at the end of the plotted spectrum of HT ).
Finally, we examine the simplified version of HT , namely H ′T . As already advertised the
latter comprises only visible final states, i.e. charged leptons as well as the two bottom jets
– 20 –
and it is frequently used by experimental groups to look for new physics in top quark pair
production. The observable received rather large higher order corrections at the end of the
plotted spectrum as compared to HT . Specifically, we have negative NLO QCD corrections
of the order of 50% for the fixed scale choice and up to 29% for µ0 = E′′T /3. On the other
hand, for µ0 = HT /3 negative but moderate corrections up to only 10% are observed. NLO
shape distortions are of the order of 97%, 58% and 21% respectively for µ0 = mt +mZ/2,
µ0 = E
′′
T /3, and µ0 = HT /3. Clearly, the differential K-factors are far from flat, showing
major changes in the shape of the observables when the QCD corrections of the order
of αs are incorporated. When investigating scale uncertainties for the H ′T observable we
noticed their similarities to the case of HT . In detail, we have estimated theoretical errors
up to ±34% (±24%), ±19% (±14%), and ±10% (±7%) individually for µ0 = mt + mZ/2,
µ0 = E
′′
T /3, and µ0 = HT /3.
Leptonic angular distributions, i.e. ∆y``, ∆φ`` and cos θ``, are depicted in Figure 8. For
the rapidity difference of the two charged leptons we observe small corrections of the order
of a few percent for µ0 = HT /3 and µ0 = E′′T /3. By comparison for µ0 = mt +mZ/2 they
can reach even 16%. Overall shape distortions at NLO for these scale choices are 2.5%,
5% and 12%, respectively. For the opening angle between the two charged leptons, on
the other hand, already for both dynamical scale choices positive corrections up to 19% are
visible, whereas for the fixed scale choice they are up to 34% in the same region. Also shape
distortions are substantially larger for this observable, i.e. they are at the level of 31%, 23%
and 39%. Finally, cos θ`` has received rather moderate NLO QCD corrections up to 10% for
µ0 = HT /3 and up to 14% for µ0 = E′′T /3. Also in this case higher order corrections for the
fixed scale choice are substantially larger, reaching 27%. Shape distortions are at the level of
17% (µ0 = HT /3), 15% (µ0 = E′′T /3) and 23% (µ0 = mt+mZ/2). When examining the scale
dependence for these observables we can see a similar size of theoretical errors regardless
of what scale we choose. The theoretical uncertainties are also similar in size for all three
angular observables. Specifically, for ∆y`` they are up to ±9% (±6% after symmetrisation)
for the dynamical scale choice and up to ±12% (±10%) for the fixed scale choice. In
the case of ∆φ`` they are below ±10% (±5%) for µ0 = E′′T /3 and (µ0 = mt + mZ/2),
while for (µ0 = HT /3) they are slightly higher up to ±15% (±8%). Lastly, for cos θ``
scale dependence is of the order of ±10% (±5%). Well behaved as they are, these leptonic
observables can be now safely exploited to probe new physics at the LHC.
4.5 Total missing transverse momentum distribution
Among all infrared safe observables in e+νeµ−ν¯µbb¯ ντ ν¯τ production the total missing trans-
verse momentum, denoted as pmissT , plays a special role. Thus, we discuss it separately in
this section. The observation of an excess in pmissT represents an important signature in
various BSM and DM models. The signals from new physics need to be extracted from
the SM background, hence an accurate modelling of the pmissT observable in the tt¯+ p
miss
T
channel, particularly in the high-pT region, is crucial. Given that neutral weakly interact-
ing particles (such as neutrinos, dark matter candidates or the lightest SUSY neutralino)
escape from the LHC detectors, the presence of such particles can only be inferred through
the observation of a momentum imbalance in the final state. In the process under consider-
ation there are four particles contributing to the total missing transverse momentum: two
neutrinos (νe, ν¯µ) ascribed to the top quark decays and two neutrinos (ντ , ν¯τ ) originated
from the decay of the Z gauge boson. Although these particles have different origin and
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Figure 9. The pp → e+νeµ−ν¯µbb¯ ντ ν¯τ + X differential cross section distribution as a function of
pmissT at the LHC run II with
√
s = 13 TeV. The upper plots show absolute NLO QCD predictions
for various values of µ0 where µR = µF = µ0. The middle panels display differential K factors.
The lower panels present differential K factors together with the uncertainty band from the scale
variation for various values of µ0. Also given is the relative scale uncertainties of the LO cross
section for µ0 = mt +mZ/2. The LO and the NLO CT14 PDF sets are employed.
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different kinematical constraints, there is no physical way to distinguish them at the LHC
and one must consider all of them under the total missing transverse momentum pmissT .
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Figure 12. The pp→ e+νeµ−ν¯µbb¯ ντ ν¯τ +X differential cross section distribution as a function of
pT, Z and p′missT at the LHC run II with
√
s = 13 TeV. The upper plots show absolute NLO QCD
predictions for various values of µ0 where µR = µF = µ0. The middle panels display differential
K factors. The lower panels present differential K factors together with the uncertainty band from
the scale variation for various values of µ0. Also given is the relative scale uncertainties of the LO
cross section for µ0 = mt +mZ/2. The LO and the NLO CT14 PDF sets are employed.
The NLO differential cross section as a function of pmissT is shown in Figure 9. We
observe substantial NLO QCD corrections when our recommended scale choice, based either
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on µ0 = HT /3 or µ0 = E′′T /3, is employed. Such corrections are positive and amount
respectively to 57% and 48% at the end of the plotted spectrum, i.e. for pmissT ≈ 500
GeV. We also observe that such corrections induce severe shape distortions in the pmissT
distribution, of the order of 71% for µ0 = HT /3 and 51% for µ0 = E′′T /3. Comparing
with the fixed scale predictions based on the choice µ0 = mt + mZ/2, one can see that
the latter behaves much better. Specifically, in the region pmissT ≈ 500 GeV the NLO QCD
corrections amount to 27% and shape distortions up to 19%. This behaviour contrasts with
the behaviour for other observables, where the dynamical scale choice has been shown to
guarantee reduced shape distortions.
In the attempt to understand why the fixed scale choice performs better for the pmissT
observable we analyse the double differential NLO cross section distribution expressed as a
function of pmissT and mtt¯, see Figure 10. One expects that the fixed scale choice performs
well whenever the phase space regions close to the tt¯ threshold (mtt¯ ≈ 2mt) provide the
dominant contribution to the observable under consideration. However, Figure 10 shows
that this is not the case for pmissT . Not only the region with mtt¯ ≈ 2mt is not enhanced in
any special way, but the contributions to pmissT , which have the largest impact come from
regions far away from the threshold, especially for pmissT ∈ [400− 500] GeV.
Having established that the threshold region is not responsible for the better perfor-
mance of the scale choice µ0 = mt + mZ/2, we move to another possible explanation. To
this end we investigate two additional observables:
pT, Z = | ~pT, ντ + ~pT, ν¯τ | , p′missT = | ~pT, νe + ~pT, ν¯µ | . (4.5)
Although not directly measurable at the LHC, these could help us to understand the dif-
ferent behaviour of pmissT under fixed and dynamical scale choices. The first one pT, Z ,
corresponds to the transverse momentum of the Z boson reconstructed from its invisible
decay products (Z → ντ ν¯τ ). The second one p′missT represents the missing transverse mo-
mentum restricted to the invisible particles coming from the decays of the top quarks only
(t → e+νeb and t¯ → µ−ν¯µb¯). Given the different origin of the neutrinos involved in their
definition, it is not surprising that these two observables exhibit different kinematics. More-
over, one should not expect that they are affected by higher order corrections in a similar
way. We also note that the total missing transverse momentum, pmissT , is not given as a
simple sum of pT, Z and p′missT but rather as a convolution of some type. In Figure 11 we
present a comparison of LO and NLO differential cross section as a function of pmissT , pT, Z
and p′missT based on the fixed scale choice µ0 = mt + mZ/2, with the goal of outlining
possible differences in kinematics. We are interested in regions above the pmissT cut of 50
GeV even though both pT, Z and p′missT can have lower values. One can observe that the
pmissT spectrum is harder than p
′miss
T , but softer than pT, Z . Additionally, shape differences
between pmissT and pT, Z are quite substantial. Figure 12 shows that pT, Z and p
′miss
T are
affected by NLO QCD corrections in a different way. In the case of pT, Z the dynamical
scale choice µ0 = HT /3 and µ0 = E′′T /3 result in negative and rather small corrections of
the order of 1%− 2% in the tail of the distribution. On the other hand, for the fixed scale
choice we observe negative corrections of 8% in the same region. Dynamical scales feature
also reduced shape distortions in comparison with the fixed scale (3% for µ0 = HT /3, 9%
for µ0 = E′′/3 and 28% for µ0 = mt + mZ/2). A different pattern reveals itself when we
turn to the case of p′missT . In this case the dynamical scales result in sizeable NLO QCD
corrections in the tail of the distribution (18% for µ0 = HT /3 and 38% for µ0 = E′′T /3) to
– 24 –
Scale Choice σNLOCT14 [fb] σ
NLO
MMHT2014 [fb] σ
NLO
NNPDF3.0 [fb]
µ0 = mt +mZ/2 0.1266
+0.0014(1.1%)
−0.0075(5.9%) 0.1275
+0.0014(1.1%)
−0.0076(5.9%) 0.1309
+0.0014(1.1%)
−0.0079(6.0%)
µ0 = HT /3 0.1270
+0.0009(0.7%)
−0.0086(6.8%) 0.1278
+0.0009(0.7%)
−0.0089(7.0%) 0.1312
+0.0009(0.7%)
−0.0090(6.9%)
µ0 = ET /3 0.1272
+0.0020(1.6%)
−0.0086(6.8%) 0.1279
+0.0020(1.6%)
−0.0086(6.8%) 0.1313
+0.0021(1.6%)
−0.0090(6.9%)
µ0 = E
′
T /3 0.1268
+0.0019(1.5%)
−0.0081(6.4%) 0.1280
+0.0019(1.5%)
−0.0082(6.4%) 0.1315
+0.0020(1.5%)
−0.0086(6.5%)
µ0 = E
′′
T /3 0.1286
+0.0013(1.0%)
−0.0060(4.7%) 0.1295
+0.0013(1.0%)
−0.0060(4.7%) 0.1330
+0.0013(1.0%)
−0.0063(4.8%)
Table 4. NLO cross sections for the pp → e+νeµ−ν¯µbb¯ ντ ν¯τ + X process at the LHC run II
with
√
s = 13 TeV. Results for three different PDF sets are presented. Also included are theoretical
errors as obtained from the scale variation.
be compared with the more satisfactory performance of the fixed scale (14%). Moreover,
the fixed scale choice provides negligible shape distortions in the tail of the order of 1%.
Thus, like for pmissT also for p
′miss
T the scale µ0 = mt +mZ/2 seems to perform better.
To conclude, our differential analysis of pmissT , p
′miss
T and pT, Z reveals that the first two
observables have spectra which are much softer than the one of pT, Z . For the latter, as well
as for other dimensionful observables that we have studied in this paper, the prescription
of using a dynamical scale seems the most adequate to describe the high pT tails. Instead,
for pmissT as well as for p
′miss
T such prescription results in too large scales. In this case a
fixed scale choice is simply more adequate.
To close this part, we report on the size of the theoretical error as derived from the scale
dependence study. In the case of pmissT for µ0 = mt + mZ/2 the theoretical uncertainties
are up to ±14% (±12%). They are slightly increased for our chosen dynamical scales up
to ±18% (±17%). As usual the values in parenthesis correspond to the theoretical errors
after the symmetrisation of errors is performed. This is of course a significant reduction in
the theoretical error considering that at the LO one can obtain errors up to ±43% (±36%).
Even though p′missT and pT, Z can not be separately measured at the LHC we give theoretical
errors for them as well for completeness. Specifically, for the former observable we have
estimated errors up to ±11% (±9%) and for the latter we have received ±11% (±5%) with
µR = µF = µ0 set to µ0 = mt + mZ/2. The dynamical scale choices have left us with
a theoretical error of the order of ±15% (±15%) and ±7% (±4%) respectively for p′missT
and pT, Z . Once more, there is a significant improvement when comparing to the LO
results where such errors have been estimated to be up to ±45% (±37%) and ±42% (±34%)
respectively for p′missT and pT, Z .
4.6 PDF uncertainties
In this section, we complete our analysis of theoretical uncertainties. The theoretical un-
certainty as obtained from the scale dependence of the cross section is not the only source
of theoretical systematic uncertainties. Another source of uncertainties comes from the pa-
rameterisation of PDFs. In the following we take the PDF uncertainties to be the difference
between our default PDF set (CT14) and the other two PDF sets considered (MMHT14 and
NNPDF3.0). In this way we account for different theoretical assumptions that enter into
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Figure 13. Differential cross section distributions for pp→ e+νeµ−ν¯µbb¯ ντ ν¯τ +X at the LHC run
II with
√
s = 13 TeV. The upper plots show absolute NLO QCD predictions for three different PDF
sets and for µ0 = HT /3. Lower panels display the ratio to the default CT14 set. The following
observables are presented: pmissT , m``, (averaged) pT, `, (averaged) y` as well as ∆φ`` and ∆y``.
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the parameterisation of the PDFs which are difficult to quantify within the CT14 scheme.
Moreover, the differences coming from NLO results for various PDF sets are comparable
(usually even higher) to the individual estimates of PDF systematics. We have checked
that this is the case for similar processes, namely for pp → e+νeµ−ν¯µbb¯j + X [35, 36] and
pp→ e+νeµ−ν¯µbb¯γ +X production [37, 53]. Results with the recomputed NLO QCD cor-
rections to the pp→ e+νeµ−ν¯τ bb¯ντ ν¯τ +X production process for MMHT14 and NNPDF3.0
PDF sets are summarised in Table 4. Taken in a very conservative way, the PDF uncer-
tainties for the process under scrutiny and with µR = µF = µ0 = mt + mZ/2 are of the
order of 0.0043 fb (3.4%). After symmetrisation they are reduced down to 0.0026 fb (2.0%).
Our result for the integrated cross section at NLO in QCD with the CT14 PDF set and for
µ0 = mt +mZ/2 is, thus, given by
σNLOpp→e+νeµ−ν¯µbb¯ντ ν¯τ (µ0 = mt +mZ/2) = 0.1266
+0.0014(1.1%)
−0.0075(5.9%) [scales]
+0.0009 (0.7%)
+0.0043 (3.4%) [PDF] fb .
(4.6)
The PDF uncertainties are almost a factor of 2 smaller than the theoretical uncertainties
due to the scale dependence. The latter remain the dominant source of the theoretical
systematics. The same pattern is obtained for the other scale choices. For example for
µ0 = HT /3 and µ0 = E′′T /3 we have
σNLOpp→e+νeµ−ν¯µbb¯ντ ν¯τ (µ0 = HT /3) = 0.1270
+0.0009(0.7%)
−0.0086(6.8%) [scales]
+0.0008 (0.6%)
+0.0042 (3.3%) [PDF] fb ,
σNLOpp→e+νeµ−ν¯µbb¯ντ ν¯τ
(
µ0 = E
′′
T /3
)
= 0.1286
+0.0013(1.0%)
−0.0060(4.7%) [scales]
+0.0009 (0.7%)
+0.0044 (3.4%) [PDF] fb .
(4.7)
Lastly, we have examined PDF uncertainties for various differential cross sections. In Figure
13 NLO differential distributions as a function of pmissT , m``, the averaged pT, `, the averaged
y` as well as ∆φ`` and ∆y`` are shown as examples. The upper panels present the NLO
predictions for three different PDF sets at the central scale value µR = µF = µ0 = HT /3.
The lower panels of Figure 13 give the ratio of the MMHT14 (NNPDF3.0) PDF set to CT14.
As we can observe for all observables shown the PDF uncertainties are at most at the level
of 4%, thus, well below the uncertainties from the scale dependence. This result remains
unchanged regardless of whether the observable was dimensionful or not and independent
of the scale we have utilised.
To summarise this part, for pp→ e+νeµ−ν¯µbb¯ντ ν¯τ production at the LHC Run II with√
s = 13 TeV with the rather inclusive selection cuts that we have employed and input
parameters used, the size of PDF uncertainties, both at the level of total and differential
cross sections, is substantially smaller than the size of theoretical errors from the scale
dependence. The latter remain the dominant component of the final theoretical error for
our predictions at NLO in QCD.
5 Comparison to top anti-top pair production
From the experimental point of view both the pp→ e+νeµ−ν¯µbb¯ and pp→ e+νeµ−ν¯µbb¯ ντ ν¯τ
production processes comprise the same final states, two charged leptons, two bottom
flavoured jets and missing transverse momentum from undetected neutrinos. In the fol-
lowing we would like to compare these two processes in order to see the impact of the
enlarged missing transverse momentum on the kinematics of these final state. We start,
however, by presenting the results for the integrated cross sections for the pp→ e+νeµ−ν¯µbb¯
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production process. With our inclusive cut selection LO predictions for two different scale
choices µ0 = mt/2 and µ0 = HT /4 as well as for the CT14 PDF set are
σLOpp→e+νeµ−ν¯µbb¯ (CT14, µ0 = mt/2) = 1126
+379 (34%)
−265 (23%) fb ,
σLOpp→e+νeµ−ν¯µbb¯ (CT14, µ0 = HT /4) = 1067
+348 (33%)
−247 (23%) fb .
(5.1)
At the NLO level in QCD they are given by
σNLOpp→e+νeµ−ν¯µbb¯ (CT14, µ0 = mt/2) = 1107
+16 (1.4%)
−88 (7.9%) fb ,
σNLOpp→e+νeµ−ν¯µbb¯ (CT14, µ0 = HT /4) = 1103
+19 (1.7%)
−58 (5.2%) fb .
(5.2)
Since also in this case we generate decays of the weak bosons to different lepton generations
only the complete `±`∓ cross section (with `1,2 = e, µ) can be obtained by multiplying the
above result with a lepton-flavour factor of 4.
We observe that the integrated cross section for top quark pair production in the
di-lepton top quark decay channel is 4 orders of magnitude larger than the one for pp →
e+νeµ
−ν¯µbb¯ ντ ν¯τ . As already mentioned typical new physics scenarios predict cross sections
for `±`∓bb¯+pmissT that are of the order of femtobarns, see e.g [54, 55]. Thus, very exclusive
and sophisticated cuts have to be employed to reduce the size of the reducible top quark
background process keeping a sizeable amount of signal events at the same time. Such
cut selection, that are designed to diminish the double and single top quark resonance
contributions, would enhance the W+W−bb¯ part in both tt¯ and tt¯Z background processes.
Moreover, the signal is expected to be a subtle excess over the SM backgrounds in the tails
of kinematic variables, e.g. in the invariant mass of two charged leptons m``. Furthermore,
shape differences in differential cross sections between signal and background processes can
potentially be exploited to increase the signal to background ratio. Therefore, a proper
modelling of top quark decays, including QCD effects in the top quark decay chain and
incorporating the complete off-shell effects of the top quark, is simply mandatory.
In the following we concentrate on shape differences between the two main background
processes pp → e+νeµ−ν¯µbb¯ and pp → e+νeµ−ν¯µbb¯ ντ ν¯τ . To this end in Figure 14 nor-
malised differential distributions constructed from final states for both pp → e+νeµ−ν¯µbb¯
and pp→ e+νeµ−ν¯µbb¯ ντ ν¯τ are depicted. They are given at NLO in QCD for the CT14 PDF
set and for the dynamical scale choice. Specifically, for the pp→ e+νeµ−ν¯µbb¯ ντ ν¯τ process
µR = µF = µ0 = HT /3 is used and for pp → e+νeµ−ν¯µbb¯ the scale choice µ0 = HT /4
is utilised instead. For the total missing transverse momentum we notice large differences
between the two background processes. Assuming for example, that it would be sufficient
to consider the tt¯ background only in new physics analyses in the tt¯ + pmissT channel is
not satisfactory or acceptable. We can observe that the pmissT observable, which is al-
ways employed to suppress the top-like backgrounds, has a harder missing pT spectrum for
e+νeµ
−ν¯µbb¯ ντ ν¯τ than in the case of the e+νeµ−ν¯µbb¯ background. In the latter case pmissT is
highly peaked towards low values. In the former case the primary source of the long pmissT
tail is the neutrinos from the Z gauge boson decay. Because the pp → e+νeµ−ν¯µbb¯ pro-
duction process does not exhibit long enough tails in the pmissT distribution any final S/B
ratios as calculated with the help of pp → e+νeµ−ν¯µbb¯ only can be grossly overestimated.
Consequently, limits on the signal strengths, which are usually translated into constraints
on the parameter space of new physics models, might not be realistic.
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Figure 14. Comparison of the normalised NLO differential cross sections for pp→ e+νeµ−ν¯µbb¯+X
and pp → e+νeµ−ν¯µbb¯ ντ ν¯τ + X at the LHC with
√
s = 13 TeV. The following distributions are
shown: pmissT , HT , H
′
T , m``, (averaged) pT, `, ∆φ``, ∆y`` and cos θ``. The NLO CT14 PDF set is
employed and the scale choices µ0 = HT /3 (tt¯Z) and µ0 = HT /4 (tt¯ ) are utilised.
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Large shape differences are also visible in the case of HT , which is not surprising since
pmissT is incorporated in the definition of the observable. We can further notice, however,
that the shape of various observables built out of the charged leptons and b-jets only, i.e.
out of visible final states, have been changed by the enlarged pmissT . Shape differences can be
noticed both for dimensionful and dimensionless observables. In the case ofH ′T , m`` and the
(averaged) transverse momentum of the charged lepton, pT, ` the spectra are harder when
the additional contribution to pmissT is included. In the case of dimensionless observables
we depict ∆φ``, ∆y`` and cos θ`` where shape differences are the most pronounced and
visible over the whole plotted range. Let us say again at this point that both HT and
H ′T are very often used to further suppress reducible top quark backgrounds in new physics
analyses, whereas ∆φ``, ∆y`` and cos θ`` are regularly employed either to enhance sensitivity
of the new physics signal or to verify the hypothesis of scalar/vector nature of the new
heavy resonances that are associated with various BSM hypothesis. Consequently, the
pp → νeµ−ν¯µbb¯ ντ ν¯τ irreducible background process has to be always taken into account
and carefully studied for the proper description of relevant observables in the tt¯ + pmissT
channel.
6 Summary and Conclusions
In this paper, we have presented the first complete NLO QCD prediction for the pp →
tt¯Z(→ ντ ν¯τ ) process in the di-lepton top quark decay channel for the LHC run II energy
of
√
s = 13 TeV. With an inclusive cut selection and for µR = µF = µ0 = mt + mZ/2
NLO QCD corrections reduce the unphysical scale dependence by a factor of 6 (8 after
symmetrisation of errors) and increase the total rate by about 12% compared to the LO
prediction. The theoretical uncertainty of the NLO cross section as estimated from scale
dependence is 5.9% (3.5% after symmetrisation). By comparison, the PDF uncertainties
are negligible. Taken in a very conservative way, they are of the order of 3.4%. After
symmetrisation, they are reduced down to 2.0%. Consequently, the theoretical uncertainty
resulting from the scale variation remains the dominant source of theoretical systematics.
Similar conclusions can be drawn from the results with µ0 = HT /3 and µ0 = E′′T /3.
Specifically, NLO QCD corrections of the order of 1% and 5% have been obtained re-
spectively for µ0 = HT /3 and µ0 = E′′T /3. Our best NLO QCD predictions for the
pp→ e+νeµ−ν¯µbb¯ντ ν¯τ process can be summarised as
σNLOpp→e+νeµ−ν¯µbb¯ντ ν¯τ (µ0 = HT /3) = 0.1270
+0.0009(0.7%)
−0.0086(6.8%) [scales]
+0.0008 (0.6%)
+0.0042 (3.3%) [PDF] fb ,
σNLOpp→e+νeµ−ν¯µbb¯ντ ν¯τ
(
µ0 = E
′′
T /3
)
= 0.1286
+0.0013(1.0%)
−0.0060(4.7%) [scales]
+0.0009 (0.7%)
+0.0044 (3.4%) [PDF] fb .
(6.1)
The complete cross section for pp → `+ν``−ν¯` bb¯ ν`ν¯`, where ` = e, µ and ν` = νe, νµ, ντ
can be obtained by multiplying the above results by 12. Despite the relatively small cross
section, good theoretical control over the pp → e+νeµ−ν¯µbb¯ ντ ν¯τ production process is
phenomenologically relevant. This irreducible SM background is of the order of 1.5 fb at
NLO in QCD. For comparison, typical predictions for DM scenarios are also at a similar
level.
In a next step, we examined the size of NLO QCD corrections to various differential
distributions with the different scale choices that we have proposed. We started with
standard observables that describe charged lepton and b-jet kinematics. We have thoroughly
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investigated the following set of observables: (averaged) pT, `, m``, (averaged) y` and ∆R``
as well as (averaged) pT, b, mbb¯, (averaged) yb and ∆Rbb¯. Differential cross sections have
shown large differences in shape with respect to LO within our fixed-scale setting, i.e. for
µ0 = mt + mZ/2. In particular, large negative corrections have been clearly seen in the
tails of several distributions for dimensionful observables. Thus, an accurate description of
the shapes of observables can only be given via a full NLO QCD computation in this case.
Adopting µ0 = HT /3 and µ0 = E′′T /3 dynamical scale choices, resulted in moderate higher
order QCD corrections up to 10%−15%. The NLO theoretical uncertainties for the leptonic
and b-jet observables as estimated from scale variation were of the order of ±10% (±5%
after symmetrisation). Combining information about the size of NLO QCD corrections
and the NLO QCD theoretical uncertainties, we concluded that either scale µ0 = HT /3
or µ0 = E′′/3 may be employed at the differential level for an adequate description of the
standard observables in the e+νe µ−ν¯µ bb¯ ντ ν¯τ production process at the LHC with a centre
of mass system energy of
√
s = 13 TeV in the presence of rather inclusive cuts on the
measured final states.
Moving forward, we employed our recommended dynamical scale choices to discuss
the size of NLO QCD corrections to a few observables that are particularly relevant in
the context of dark matter searches. Among others, we have identified six observables,
three dimensionful ET , HT and H ′T as well as three dimensionless ∆y``,∆φ`` and cos θ``.
Substantial NLO QCD corrections up to 35% (±20%) have been obtained for dimensionful
(dimensionless) observables. Overall, the differential K-factors show major changes in the
shape of the observables. On the other hand, NLO QCD theoretical uncertainties up to
±20% (±10%) have been estimated from scale variation. Well behaved as they are at NLO
in QCD, these leptonic observables can now be safely utilised to probe new physics at the
LHC.
Among all infrared-safe observables in e+νe µ−ν¯µ bb¯ντ ν¯τ production, the total missing
transverse momentum plays a special role. The observation of an access in pmissT represents
the most important signature in various BSM and DM models. Thus, we investigated this
observable separately. We observed substantial NLO QCD corrections up to 57% and 48%
when our recommended scale choice, based either on µ0 = HT /3 or µ0 = E′′T /3, was em-
ployed. Predictions based on the fixed scale choice µ0 = mt+mZ/2, however, received NLO
QCD corrections up to 27% only and showed shape distortions up to 19%. This behaviour is
to be contrasted with the behaviour for other observables, where the dynamical scale choice
guaranteed reduced shape distortions. In order to understand why the fixed scale choice
performed better for the pmissT observable, we analysed the double differential NLO cross
section distribution expressed as a function of pmissT and mtt¯. Furthermore, we investigated
two additional observables: the transverse momentum of the Z boson reconstructed from
its invisible decay products (pT, Z) as well as the missing transverse momentum restricted
to the invisible particles coming from the decays of the top quarks only (p′missT ). Our dif-
ferential analysis revealed that in the case of pmissT and p
′miss
T the proposed dynamic scale
choices resulted in too large scales and the fixed scale choice was simply more adequate.
In a next step, we studied the theoretical uncertainty related to the parameterisation
of PDFs. For all observables that we have scrutinised the PDF uncertainties have been
substantially smaller than the theoretical uncertainties from the scale dependence. The
latter remains the dominant source of the final theoretical error for our predictions at NLO
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in QCD.
Finally, because pp→ e+νeµ−ν¯µbb¯ and pp→ e+νeµ−ν¯µbb¯ ντ ν¯τ comprise the same final
states (two charged leptons, two bottom flavoured jets and missing transverse momentum
from undetected neutrinos) we compared the two production processes to quantify the
impact of the enlarged missing transverse momentum on the kinematics of the final state.
Substantial shape differences have been observed both for dimensionful and dimensionless
observables. Both kinds of observables have often been employed to enhance sensitivity
of the new physics signal or to verify the hypothesis of scalar/vector nature of the new
heavy resonances that are associated with various BSM hypotheses. For example, since
the pp → e+νeµ−ν¯µbb¯ production process does not exhibit long enough tails in the pmissT
distribution, any final S/B ratios as calculated with the help of pp → e+νeµ−ν¯µbb¯ only,
can be grossly overestimated. As a result, limits on the signal strengths, which are usually
translated into constraints on the parameter space of new physics models, might not be
very realistic. Consequently, the pp→ νeµ−ν¯µbb¯ ντ ν¯τ irreducible background process must
be additionally taken into account in searches of new physics in the tt¯ + pmissT channel.
Good theoretical control over the irreducible SM background is, therefore, a fundamental
prerequisite for a correct interpretation of possible signals of new physics that may arise in
this channel.
On the technical side let us mention that all results have been generated with the help
of the Helac-NLO MC framework. The results are available as event files in the form of
either LHEFs or ROOT Ntuples. These might be directly used for experimental analyses
at the LHC as well as for obtaining accurate SM predictions in BSM studies. The Ntuple
files are available upon request.
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